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1.  Introduction 

The  use  of  polymers  in  gas  permeation  applications  is  increasing  [1]  [2J.  Con¬ 
trol  over  gas  transport  is  essential  to  the  development  of  polymer  membranes  lor 
gas  separation  and  barrier  material  applications.  These  goals  can  be  achieved  with 
heterogeneous  polymer  systems  which  can  be  used  to  design  membranes  having  the 
structural  characteristics  of  one  component  and  the  permeability  characteristics  of  the 
other.  For  the  ca*e  of  heterogeneous  block  copolymers,  the  features  in  these  systems 
which  affect  gas  transport  are  the  size,  shape  and  orientation  of  the  microphase  sepa¬ 
rated  morphology,  the  high  internal  surface- to- volume  ratio,  and  the  diffuse  interfacial 
regions. 

In  previous  investigations  from  this  laboratory  on  gas  permeability  (P)  of  a 
polystyrene  -  polybutadiene  block  copolymer  with  a  lamellar  morphology,  alternating 
lamellae  of  polystyrene  (PS)  and  poly  butadiene  (PB)  were  either  misordered  [3], 
aligned  in  parallel  (high  P )  [4],  or  in  series  [5]  (low  P)  with  respect  to  the  permeation 
direction.  A  simple  model  was  proposed  to  describe  gas  transport  in  this  polymer 
system  [3]. 

In  the  present  study  we  examine  the  permeation  of  various  gases  through 
a  series  of  diblock  copolymers  having  crystalline  quasi-polyethylene  (E)  blocks  and 
amorphous  poly(ethylene-propylene)  (EP)  blocks.  Mechanical  properties  of  E/EP 
diblocks  and  triblocks  have  been  reported  [6]  [7],  and  some  work  has  been  done  to 
characterize  the  morphology  on  the  length  scale  of  microdomains  [7]  [8].  There  has 
been,  however,  no  study  of  gas  transport  through  these  materials.  We  will  demon¬ 
strate  that  the  same  simple  model  that  described  the  permeation  of  gases  through 
the  PS/PB  system  also  applies  to  the  E/EP  polymers,  even  though  the  crystalliza¬ 
tion  of  the  E  blocks  provides  added  degrees  of  morphological  complexity  in  the  E/EP 
materials.  .... _ _ 
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2.  Experimental 

The  E/EP  block  copolymers  were  synthesized  by  hydrogenation  of 
l,4-poly(butadiene)  /  l,4-poly(isoprene)  block  copolymers.  The  butadiene  block  con¬ 
sists  of  10%  1,2  ,  35%  trans  1,4  and  55%  cis  1,4  PB,  while  the  isoprene  block  contains 
93%  cis  1,4  and  7%  3,4  PI.  The  catalytic  hydrogenation  procedure  is  described  in  de¬ 
tail  elsewhere  [9]  [10].  Hydrogenated  butadiene  thus  resembles  low-densitv  polyethy¬ 
lene  (E)  and  hydrogenated  isoprene  is  essentially  perfectly  alternating  ethylene  propy¬ 
lene  rubber  (EP).  Polyisoprene  of  100K  molecular  weight  was  also  hydrogenated  to 
produce  EP  homopolymer.  The  molecular  weights  of  the  E/EP  diblocks  are  listed  in 
Table  1.  They  were  determined  from  GPC  measurements  on  the  polydiene  precursors 
(first  block  and  diblock),  from  knowledge  of  reactor  stoichiometry  and  conversion,  and 
from  a  previous  demonstration  [9]  that  little  or  no  degradation  occurs  during  the  hy¬ 
drogenation  reactions.  E/EP  films  for  permeation  measurements  were  prepared  by 
compression  molding  at  190  °C,  by  means  of  a  hydraulic  press.  Prior  to  permeation 
measurements,  the  compression  molded  films  were  annealed  under  vacuum  at  120  °C 
for  2  days  to  minimize  any  orientation  induced  by  the  initial  molding  in  the  press. 
The  melting  points  of  the  series  of  E/EP  diblocks,  were  all  between  99  and  103  °C, 
as  determined  by  DSC. 

The  E/EP  50/50  diblock  was  also  subjected  to  plane  strain  compression  at 
190  °C  up  to  compression  ratios  of  11.  The  compressed  specimens  were  slow  cooled 
under  load,  followed  by  load  release.  Plane  strain  compression  above  the  melting  point 
of  the  E  block  has  been  determined  to  produce  a  morphology  where  the  lamellae  are 
aligned  in  parallel  to  the  direction  of  the  applied  load  [12],  thereby  yielding  a  film 
sample  in  which  gas  permeation  occurs  along  lamellae  aligned  in  parallel  . 

The  changes  in  lamellae  due  to  deformation  were  studied  by  means  of  small- 
angle  X-ray  scattering  (SAXS).  The  SAXS  measurements  were  performed  on  a  computer- 
controlled  system  consisting  of  a  Nicolet  two-dimensional  position-sensitive  detector 
associated  with  a  Rigaku  rotating-anode  generator  operating  at  40  kV  and  30  mA 
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and  providing  Cu  Ka  radiation.  The  primary  beam  was  collimated  by  two  Ni  mirrors. 
In  this  way  the  X-ray  beam  could  be  effectively  focused  onto  a  beam  stop  with  a  very 
fine  size  without  losing  much  intensity.  The  specimen  to  detector  distance  was  2.5  m, 
and  the  scattered  beam  path  between  the  specimen  and  the  detector  was  enclosed  by 
an  A1  tube  filled  with  helium  gas  in  order  to  minimize  the  background  scattering.  The 
specimen  to  detector  distance  was  reduced  to  10  cm  when  performing  experiments 
on  crystallite  orientation. 

A  separate  Rigaku  wide-angle  X-ray  diffractometer  with  a  rotating  anode 
source  was  employed  throughout  the  work.  The  Cu  Ka  radiation  generated  at  50 
kV  and  60  mA  was  filtered  by  electronic  filtering  and  a  thin-film  Ni  filter.  X-ray 
diffraction  data  were  collected  by  means  of  a  Micro  VAX  computer  running  under 
DMAXB  Rigaku-USA  software.  The  slit  system  that  was  used  allowed  for  collection 
of  the  diffracted  beam  with  a  divergence  angle  of  less  than  0.3°. 

The  gases  used  in  this  study  differed  in  size  and  shape:  He,  C02,  CH*.  02,  Nj. 
The  purities  of  all  gases  were  in  excess  of  99.99%.  Gas  permeability  coefficients  (P) 
were  determined  from  steady-state  measurements  using  a  variable  volume  permeation 
apparatus  [11].  All  measurements  were  carried  out  at  25  ®C,  keeping  a  pressure 
difference  of  10.5  psig  across  the  sample  films. 
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3.  Results 

Figure  1  shows  the  DSC  curve  for  the  E/EP  30/70  specimen.  The  peak  oc¬ 
curring  at  99  °C  is  the  nominal  melting  point  of  polyethylene  in  this  sample.  The 
broad  melting  curve  indicates  the  presence  of  a  wide  distribution  of  crystal  sizes  and 
perfection.  Polarized  light  micrographs  of  thin  films  of  the  E/EP  diblocks,  which 
were  heated  above  100  "C  in  the  optical  microscope  and  then  cooled  to  room  tem¬ 
perature,  are  presented  in  Figure  2.  Crystallization  occurs  almost  instantaneously  as 
the  polymers  are  cooled  below  their  melting  point;  varying  the  thermal  history  does 
not  affect  much  the  degree  of  crystallinity.  All  diblocks  exhibit  spherulitic  morphol¬ 
ogy  when  crystallized  from  the  melt,  even  in  the  sample  containing  as  little  as  30% 
polyethylene,  indicating  that  lamellae  predominate  over  the  entire  composition  range 
examined  here. 

Figure  3  shows  a  two-dimensional  x-ray  diffraction  pattern  ,  and  the  corre¬ 
sponding  radial  average  plot  of  intensity  (I(Q))  versus  scattering  vector  magnitude 
(Q)  for  a  typical  misoriented  sample  used  in  the  permeation  experiments  (  Q  =  ~siv0 
and  the  scattering  angle  is  29).  The  pattern  has  the  shape  of  concentric  rings,  with  the 
intensity  being  uniform  along  all  azimuthal  angles,  as  expected  from  an  undeformed 
spherulitic  specimen.  The  crystalline  structure  of  the  E/EP  polymers  is  observed 
with  better  resolution  from  a  29  scan  in  the  wide  angle  diffractometer.  As  shown  in 
Figure  4,  which  compares  the  29  scans  of  a  high-density  polyethylene  (HDPE)  to  two 
of  the  E/EP  diblocks,  the  diffraction  peaks  observed  in  the  E/EP  copolymers  corre¬ 
spond  to  the  (110),  (200)  and  (020)  diffraction  planes  of  the  orthorhombic  unit  cell 
of  polyethylene  [13].  In  addition  to  the  HDPE  diffraction  planes,  a  broad  amorphous 
halo  centered  around  29  =  20°  is  observed.  The  intensity  of  the  amorphous  halo 
increases  as  the  amorphous  block  content  in  the  diblock  increases  (compare  Figures 
4a  and  4b). 

The  permeation  results  for  the  entire  series  of  misoriented  spherulitic  diblocks 
as  well  as  for  the  EP  homopolymer  are  shown  in  Table  2.  As  expected,  these  ma- 
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terials  have  rather  low  permeabilities,  which  decrease  with  increasing  crystallinity 
(increasing  amount  of  E  block).  From  the  comparison  of  the  P  values  for  speci¬ 
mens  containing  the  same  percentage  of  E  in  the  EP  diblock  (E/EP  50/50  and  E/EP 
100/100,  E/EP  120/80  and  E/EP  60/40),  it  is  apparent  that  the  permeability  is  inde¬ 
pendent  of  the  total  molecular  weight  of  the  polymer.  The  permeability  value  for  the 
E  block  lamellae  also  appears  in  Table  2.  These  values  were  not  measured  directly 
but  were  obtained  from  extrapolations  of  the  fits  (nonlinear  fitting  routine  FMINS  of 
the  commercially  available  software  package  MATLAB)  to  the  permeability  data  for 
the  series  of  diblocks  of  varying  E-block  content  (Figure  6);  although  the  E  lamellae 
contain  internal  structural  complexities  of  chain  folding,  amorphous  fractions  and  the 
like,  we  lump  all  of  these  details  into  a  quasi-homogeneous  material  parameter 
the  effective  permeability  of  the  polyethylene  -  like  material  in  the  E  domains  of  the 
E/EP  diblocks.  Justification  of  this  simplification  will  be  demonstrated  below. 

The  SAXS  pattern  of  the  E/EP  50/50  specimen  subjected  to  plane  strain 
compression  at.  150  °C  and  at  80  °C  is  shown  in  Figure  5,  accompanied  with  a  sketch 
of  the  lamellar  orientation.  The  specimen  orinetations  during  collection  of  the  X- 
ray  spectra  is  indicated  with  respect  to  the  principal  directions  of  deformation,  i.e., 
the  compression  direction  (CD),  the  free  (or  flow)  direction  (FD),  and  the  loading 
direction  (LD).  As  seen  from  the  SAXS  pattern,  the  morphology  changes  from  parallel 
lamellar  with  respect  to  the  permeation  direction  (LD)  when  the  specimen  is  textured 
above  its  melting  point,  to  series  lamellar  below  the  melt.  The  permeation  of  the 
specimen  with  the  lamellae  aligned  in  parallel  with  respect  to  the  permeation  direction 
was  measured  and  is  reported  in  Table  4.  We  were  however  unsuccessful  in  preparing 
a  large  enough  pinhole  and  crack-free  specimen  of  the  series  lamellar  type  for  gas 
transport  measurements. 
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4.  Discussion 

Gas  molecules  are  generally  taken  to  be  insoluble  in  polymer  crystallites 
and,  therefore,  are  unable  to  permeate  through  them  [141.  Thus,  gas  permeation 
in  semicrystalline  polymers  is  essentially  confined  to  the  amorphous  regions.  The 
crystallites  reduce  the  permeability  by  decreasing  the  volume  of  polymer  available  for 
penetrant  solution  and  by  constraining  the  transport  along  irregular  tortuous  paths 
between  the  crystallites.  The  reduction  in  permeability  (P),  which  is  the  product 
of  the  effective  diffusion  ( D )  and  solubility  (5)  coefficients,  will  thus  be  proportional 
to  the  volume  fraction  of  the  crystalline  phase  [15)  when  all  samples  have  a  random 
misoriented  morphology. 

The  morphology  of  the  E  block  in  any  phase-separated  E/EP  diblock  copoly¬ 
mer  differs  from  the  morphology  of  a  homopolymer  of  E,  because  of  the  topological 
constraint  imposed  at  the  junction  between  the  two  blocks  in  the  diblock  copolymer 
Since  even  the  slightest  morphological  differences  between  two  materials  can  result  in 
big  variations  in  their  gas  permeability  characteristics,  P  of  an  E  homopolymer  for  a 
specific  gas  does  not  correspond  to  P  of  an  E  block  in  the  E/EP  diblock.  The  perme¬ 
ability  value  for  the  E  block  was  therefore  extrapolated  from  the  experimental  data, 
rather  than  measured  from  an  actual  specimen;  values  of  the  E  block  permeability 
appear  in  Table  2.  For  all  gases,  these  values  are  somewhat  larger  (by  about  a  factor 
of  2)  than  the  values  [17]  of  permeability  for  a  typical  low  density  polyethylene.  On 
the  other  hand,  the  EP  homopolymer  is  considered  to  be  100%  amorphous;  hence  in 
this  case  P  of  the  EP  block  in  an  E/EP  copolymer  can  be  taken  to  be  the  same  as  of 
the  EP  homopolymer,  which  was  determined  experimentally. 

The  effect  of  microphase  orientation  on  gas  permeability  is  significant.  Per¬ 
meability  coefficients  for  a  film  whose  microdomains  are  oriented  normal  to  the  film 
surface  (parallel  to  the  permeation  direction),  are  much  higher  than  for  a  film  hav¬ 
ing  its  microdomains  oriented  in  the  same  plane  as  the  film  surface  (in  series  with 
respect  to  the  permeation  direction)  [4],  The  resulting  expressions  for  parallel  and 


series  laminates  for  the  case  of  the  E/EP  diblock  copolymers  are: 


P par  =  Peve  4-  Pepvep 


(1) 


p,rr  = 


PePep 


Pevep  +  Pepve 


(2) 


where  Pe,  Pep  —  permeability  coefficient  for  the  E  and  EP  blocks  respectively. 

The  values  of  the  effective  permeabilities  of  the  E  (fit)  and  EP  (measured) 
blocks,  were  used  in  the  construction  of  a  model  predicting  gas  transport  behavior  in 
misoriented  heterogeneous  polymer  systems.  This  random  column  model  has  already 
been  successfully  applied  to  a  polystyrene  -  polybutadiene  diblock  copolymer  system 
[3].  We  now  examine  its  validity  for  diblock  copolymers  which  contain  one  block  that 
is  crystallizable. 

The  morphology  of  the  sample  is  modeled  as  columns  of  cubical  cells,  with 
each  column  extending  directly  from  one  surface  of  the  film  to  the  other.  Each  cell 
contains  alternating  parallel  lamellae  which  possess  a  direction  of  orientation  defined 
by  a  random  angle  8  [3].  A  periodic  boundary  condition  is  imposed  at  the  left,  and 
right  sides  of  the  cell  so  that  any  gas  that  “leaves”  through  either  side  of  the  cell 
as  it  travels  parallel  to  the  orientation  direction  reenters  at  the  opposing  side.  It  is 
assumed  that  the  permeating  species  will  preferentially  diffuse  parallel  to  the  lamellar 
orientation  in  each  cell.  The  effective  permeability  for  each  cell  can  be  defined  as  the 
permeability  for  a  parallel  lamellar  system,  divided  by  a  path  length  or  tortuosity 
factor  r,  which  will  change  from  cell  to  cell.  The  tortuosity  accounts  for  the  fact  that 
a  lamellar  alignment  angle  9  other  than  zero  increases  the  path  length  a  diffusing 
molecule  must  travel  in  order  to  reach  the  cell  i+ 1  below: 


tv 


(3) 
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An  important  constraint  imposed  on  P,  is  that  a  cell’s  permeability  coefficient 
cannot  be  lower  that  that  given  by  the  series  representation  ,  equation  (2).  If  the 
tortuosity  of  a  cell  is  so  large  that  the  permeability  calculated  by  (3)  is  lower  than 
that  for  the  series  model,  the  series  value  is  assigned  as  the  permeability  for  that 
cell.  The  diffusing  species  is  thus  allowed  to  “choose”  the  faster  of  the  two  modes 
through  any  cell,  and  the  effective  permeability  of  the  entire  column  is  obtained  with 
the  summation  in  series  of  the  individual  P,  for  each  cell: 


1  1*1 

—  =  —  Y—  (.5) 

P.ff  N£ \Pt 

where  N=  number  of  cells  in  the  column. 

A  computer  simulation  obtaining  the  average  P  of  10,000  columns  with 
N=10,000  cells  each  has  been  carried  out  for  He,  C02,  CH4  and  02  for  all  com¬ 
positions.  The  number  of  columns  and  cells  in  each  column,  were  chosen  to  be  large 
enough  so  that  the  variations  in  the  permeability  coefficient  calculated  from  each  run 
would  be  minimized.  The  standard  deviation  in  the  P  values  calculated  from  each 
simulation  was  thus  reduced  to  ±  0.1  barrers. 

The  predictions  of  the  random  column  model  for  the  permeability  coefficients 
of  a  randomly  oriented  sample,  are  shown  in  Table  3.  The  agreement  between  exper¬ 
iment  (Table  2)  and  model  (Table  3)  is  quite  good.  The  values  for  Ppar  calculated 
from  the  model  for  the  E/EP  50/50  polymer,  are  compared  in  Table  4  to  experimen¬ 
tal  measurements  of  Ppar  in  the  plane  strain  compressed  sample.  The  parallel  model 
(Equation  1)  is  in  very  good  agreement  with  the  experimentally  measured  value  of 
Ppar .  The  model  slightly  overpredicts  the  experimental  value  for  all  gases,  since  we 
cannot  expect  to  construct  experimentally  a  specimen  with  all  of  its  lamellae  being 
perfectly  oriented  parallel  to  the  permeation  direction  ;  there  will  always  be  some 
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tortuosity  in  the  lamellae,  which  will  reduce  the  effective  permeability  of  the  speci¬ 
men.  We  note,  however,  that  this  level  of  agreement  between  the  upper  bound  model 
and  the  near  parallel  experimental  material  suggests  that  the  input  (extrapolated) 
values  of  Pe  for  each  gas  represent  a  very  good  approximation  to  the  experimentally 
inaccessible  permeation  behavior  of  the  semicrystalline  E-block  domains  of  the  var 
ious  diblock  copolymers.  The  predictions  of  the  respective  models  for  the  parallel 
and  series  morphologies  for  each  diblock  specimen  studied  are  presented  in  Table  5; 
this  is  an  indication  of  the  upper  and  lower  bounds  to  gas  permeability  that  can  be 
achieved  with  each  specimen  for  the  gases  studied. 

The  good  agreement  between  model  and  measurement  also  serves  to  justify 
our  simplification  of  permeation  in  the  crystallizable  E  lamellae  as  described  by  a 
single  parameter  Pe-  The  fact,  that  the  random  column  model  works  well  for  a  series 
of  gases,  whose  ratio  of  permeabilities  EP  to  E  varies  from  4  to  12,  demonstrates 
convincingly  its  ability  to  simulate  the  gas  transport  behavior  of  these  semicrystalline 
block  copolymers  over  a  wide  range  of  permeabilities. 
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5.  Summary 

A  simple  model  of  gas  permeation  in  misoriented  lamellar  materials  suc¬ 
cessfully  describes  the  permeation  behavior  for  a  series  of  spherulitic  E/EP  diblock 
copolymers  with  a  wide  range  of  compositions.  The  model  assumes  that  the  majority 
of  the  transport  takes  place  along  the  more  conductive,  amorphous  EP  lamella  but 
recognizes  the  smaller,  but  non  zero,  permeability  of  the  semicrystalline  E  domains. 
The  observed  lowering  of  the  permeability  of  the  copolymer  by  the  presence  of  these 
semicrystalline  E  regions  is  accounted  for  in  the  model  through  considerations  of 
its  volume  fraction  and  through  an  effective  tortuosity  which  is  introduced  into  the 
materials.  Values  of  Pep  could  be  determined  directly  via  gas  permeation  measure¬ 
ments  on  the  corresponding  EP  amorphous  homopolymer;  however,  the  permeation 
behavior  of  the  semicrystalline  E  domains  could  not  be  obtained  in  a  similar  fashion 
because  thrir  internal  structural  details  [16]  are  not  at  all  similar  to  the  spherulitic 
texture  of  the  corresponding  EP  amorphous  homopolymer.  Therefore  Pe  values  were 
obtained  by  extrapolation  of  permeation  data  for  a  series  of  copolymers  of  varying 
E-block  content. 

The  excellent  agreement  between  the  rar.d«.m  column  model  and  experiments 
in  the  E/EP  materials  suggests  that  permeabilities  of  other  spherulitic  semicrystalline 
diblock  copolymers  can  be  anticipated  without  need  for  synthesizing  every  candidate 
system  under  consideration.  The  upper  and  lower  bounds  (parallel  and  series)  models 
represent  the  limiting  cases  for  high  throughput  or  good  barrier  membranes,  respec¬ 
tively.  The  oxygen  permeability  of  butyl  rubber,  a  barrier  elastomer,  is  2.1  barrers 
[18].  This  value  is  not  dramatically  lower  than  the  predicted  value  of  8.7  barrers  for 
the  series  E/EP  70/30  material  (Table  5),  thus  suggesting  possible  uses  of  the  E/EP 
diblocks  as  barrier  materials  in  certain  applications.  We  also  note  that  the  superfi¬ 
cial  mechanical  properties  (stiffness  versus  flexibility)  depend  greatly  on  the  volume 
fraction  composition  of  the  E/EP  diblocks,  which  represents  another  possible  degree 
of  freedom  in  membrane  design  using  these  materials. 
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In  our  work  to  date  we  have  examined  only  diblock  copolymer  structures. 
Ongoing  research  includes  studies  of  tri-  and  tetra-  block  copolymers  of  E/EP  covering 
a  wide  range  of  composition  and  molecular  weight. 
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sample 

M  X  10-3  g/mole 

E 

EP 

E/EP  30/70 

30 

70 

E/EP  50/50 

50 

50 

E/EP  60/40 

60 

40 

E/EP  70/30 

70 

30 

E/EP  60/120 

60 

120 

E/EP  100/100 

100 

100 

E/EP  120/80 

120 

80 

EP  100 

0 

100 

Table  1:  Characterization  of  E/EP  Specimens 


15 


GAS 

EP  100 

E/EP  30/70 

E/EP  60/120 

E/EP  50/50 

E/EP  100/100 

He 

78.1 

33.5 

32.0 

17.6 

CH< 

29.2 

13.5 

16.4 

9.9 

8.8 

C02 

117.0 

72.7 

51.8 

46.7 

44.2 

n2 

22.3 

3.9 

3.4 

3.9 

o2 

37.5 

16.5 

13.4 

8.9 

10.6 

GAS 

E/EP  120/80 

E/EP  60/40 

E/EP  70/30 

E* 

He 

16.3 

17.2 

13.6 

6.5 

C  Hi 

14.5 

10.6 

8.7 

6.9 

C02 

39.5 

38.4 

36.6 

25.5 

N2 

3.7 

2.2 

1.9 

02 

11.5 

11.2 

7.8 

6.9 

Table  2:  Permeability  coefficients  for  spherulitic  specimens  at  25  °C. 
P  in  barrers. 

*  Value  for  E  extrapolated  from  fit  to  data. 
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GAS 

E/EP  30/70 

E/EP  60/120 

E/EP  50/50 
E/EP  100/100 

E/EP  60/40 
E/EP  120/80 

E/EP  70/30 

He 

29.0 

27.3 

20.5 

17.2 

14.1 

CHa 

16.0 

15.3 

12.4 

10.9 

9.7 

C02 

62.1 

59.2 

47.5 

41.8 

36.8 

o2 

18.6 

17.7 

13.9 

12.2 

10.6 

Table  3:  Model  prediction  of  P  for  spherulitic  specimens  at  25  °C  from  the  P  values 
of  the  individual  block  species. 
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GAS 

Ppariexp)  Ppa^model) 

He 

37.2 

38.3 

C  Hi 

15.6 

16.8 

C02 

63.3 

66.1 

o2 

20.5 

20.9 

n2 

11.5 

12.5 

Table  4:  E/EP  50/50  model  prediction  of  Ppar  compared  to  experimental  measure¬ 
ments. 
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GAS 

E/EP  30/70 

E/EP  60/120 

E/EP  50/50 
E/EP  100/100 

E/EP  60/40 
E/EP  120/80 

E/EP  70/30 

P par  P ter 

Ppcr  Pier 

Ppv  r  P.er 

He 

53.1  16.1 

50.5  14.9 

38.3  10.9 

31.4  9.5 

24.8  8.4 

CH< 

21.4  13.7 

20.6  13.0 

16.8  10.4 

14.7  9.4 

12.6  8.6 

C02 

85.1  51.9 

81.8  49.1 

66.2  39.0 

57.3  35.0 

48.8  31.8 

o2 

26.8  14.7 

25.7  13.9 

20.5  10.8 

17.6  9.6 

14.7  8.7 

Table  5:  Model  predictions  of  PpaT  and  P,tT 
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Figure  1:  DSC  scan  for  E/EP  30/70 


Figure  2:  Optical  micrograph  E/EP  60/40  crystallized  from  the  melt 


Figure  3:  2-D  WAXS  and  corresponding  radial  average  for  E/EP  50/50 


Figure  4:  WAXS  2-9  scans,  E/EP  60/120,  E/EP  120/80,  HDPE 


Figure  5:  SAXS  of  E/EP  50/50  oriented  above  (a)  and  below  (b)  the  melting  point 
via  plane  strain  compression.  In  the  permeation  tests  gas  flow  is  always  along  LD 


Figure  6:  Permeability  versus  %E,  spherulitic  specimens 
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